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Abst a

The Adaptive Optics CCD (ACCDYis o 32 by 64 fiame transfes device oficring low noise
petiornmec at high frame 1atcs usig skipper amplificr teclmology to achicve low nojse
periomsnee. Anmray of 32 pivallchicadouts provides for fast i aming at 15Kz with o desipn
goal of 1.5 clections (1ns) noise. Potential applications for the ACCH are i wavefiont sensing,
Up/ilt sensing, and fas tracking. Eleven devices has been sueees sfolly packed and tested, An &
clectron ims noise fiooy has heen measwed using @ single vead from the skipper amplificr,
Multiple reads are Cxpected to diminish the noise 10 2.5 ¢lectons s, Desipn gpoals me expected
to bereached by changing the spacing between oulputamplhificrs, using the newly ested Jow
noise CURIC mplificr, and through hinning and backside Hhnination.

O Y 1 ody ctic

Atmospheric tmbulence linits the spatial 1esolution of astronomical telescopes to the
ordar of 1 mie second 111, and chimges on s tinge seale from tens to hundreds of milliscconds
dcpending on the wavelength of light used in the obses ation. “IThe technology of adaplive oplics
has been developed 1o overcone atimospheric tmbulence by providing. corrections inreal-tinie
[2],amd [3). Detecton sensitivity in the wavelont scnsor, however, is one of the Hiniting factors in
using adaptive optics for astrononncal applications. Much of the mteresting science is
accomplished with objeets of sofficiently high mapnitude (preater than 10 in the visible and 14 i)
the near infraned 4], Stell magnitude Hinits for wavefront sensing using cither a Shack-
Havtmann o sheaving intericiometers Lype wavetront sensors using arrays of diserete
photomltiplicrs or Chinge Coupled Device (CCJ ) detector aays me about nmisgnitude 6 4],
Recently Roddicr has used arrays of Avalanche Photodiodes to perionm cmvature sensing of the
Incoming wavefiont wit) nagnitude 14 objeets, [5]. Thus the suceessful fabrication and
demonstration of a low nojse high framc rate CCD would represent an imporiant iimprovement in
vavelront sensor pafonmance, and it would incrcase the usefuliess of adaplive oplics systeins (o
pather scientifically mteresting data

Reporied here are the results of owr c¢ffori to design, fabricate and test such o deviee, The
requied high speed s accomplished by placing an arnphficr at the end of cach columm of pixcls,
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instead of shifting the pixels through a horizontal shift 1egister and reading them out with a single
hiph speed amplificr. Read out nojse inow CCD is minimized by vsing a skipper amplificr [6),
[7), 18] which is capable of muoltiple nondestractive rcading of the charge packet. This also allows
the individual amplificis to be relatively Jow specd (400 K17), and whosc readout electronics can
bereadily fabricated. These and other goals were incorporated into a design which was faln icated
as a piggyback on onc of 11 ’s Emih remote sensing flight projects (MISR--Multi-angle hmaging
Spectial Radiometer). The fist performance messurcments of the device fron a sumiple of 23
packaged chips are 1eporicd in Scetion 3.0, e results yield a deviee whose SCHSHIvIty s
sufficient to be used in the Mt, Wilson 100 inch adaptive optics systens. We have also identificd
necessary desipn and process changes necded to schicve our design goals which is deseribed in
the Tast section onimprovements and future work.

2.0 Design and Fabrica ion

Our complete setof desipn poals me listed in able ] The CCD s design is o thee phase
frame vansfer device ina 37 x 64 format, Initally, two dcsigns of this device weie fabricated, onc
with the floating pate atplificrs (i.e. the desired shipper amplifien) called ADAYT, and a desipn
with floating diffusion moplificss, named ADAPT?. The device with Ohe floating difiusion outpu
amplifier stacture allowed vs to mitiadly experiment with the waveforms needed to diive the chip
without the complexity of needing 1o scconmmodate the Skipper snplificn. Fhese deviees were
placed on o mask st along with the MISR CCD. the wafer miap s shown in Fipue 1,

T:0le 3z Design goals for g high fiaane ate, low noice CCD getecton

A bibute Quantity
F-or nat 320 ) % 6A(V) rame tansfer silicon ceh
Ountput poris 32 8kipper atiag pate anplifiers located at the end of cach signal
column

Pixcl size 3 uno ang

Read noise LS clection 1ms noise fiom

Frame rate 1,500 1}y

Quantinn 6O% min, 80% Foal at 0.6 0.7 ooy, 50% in, 70% goal ar 0.8 1

clheiencey

Maximum signal | 4,000 clectrons min, 10,000 clections poal

Frame tansfe Transfe tc/exposie ime: 34 max, % goal. (200 ns/line max, ns/

fimie hine goal)

Dk conrent I cdectron/25mis per pixel w opcrating temperature (40 clections/sce e
pixcl)

Opcrating Roontemperature goal. Packaging and clectionics should pernnt cooling

lmperatme if needed.
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‘Table 3: Design poals for o high framera ¢ low noise CCD detecton

Attiibute Quantity
Clocking Will allow coluinm pixel binning and fast clocking out of colunms without
teadout. Design will allow for unidirectional/bidirectional fame transfer
Inifornmity Al pixels should meet design poals listed above.

agure o Wafer map of MISR CCD fabrication showing the skipper sinplificr (ADAYT) and

floating diffusion amplific (ADAPT?) wamong the other test stroctures on the chords of
the wafer,
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The yield of the fist Tot from faluication was so successful, that iree ADAPTY chips
were blind packaged. Animage of one of thesc js shown in Figures 2 and 3. Contrast the floatis I
dgiffusion amplifics scheme in Figure 3 with the line drawing of the skipper amplificr given in
Figme 410 compaie the added featmes. Subscquently a packapged ADAYT chip was produced

from cach a blind packaging sample and then a set of 6 chips were packaged after screcimng by
probing,

30 Resots

APl logo was imaged by a 5x micioscope objective onto the latest ADAPT CCh.The
image after fiat ficld conrection is shown in Figwe 5 showing all colunims as functional and then
level of output signal uniformity.

The first attributes we detenmined on the Al YAPT? devices were that there were no

costctic defects in the colunins. A uniforn Cxposme was given to the full fiame on the thiee
blind packaged chips.
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Figwe 41 Line diawing of Skipoe anpliep for the ADA "1 CD
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The amplifier gain, i.c. the 1atio of output voltage for uniforn input was such that there
was only 20% diffeience between the highest and lowest outputs for all the amplificis. The
amount of gain nonuniformity within each amplificr was significantly smaller. The mcasued pain
parformance of all 96 amiplificrs from the three packopes ADAPT? devices is shown in Figuie 6.
There is a bump at the end duc to catly criors in clocking which incorrectly read the last colunm,
thus there is even more gain uniformity. :
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later on we detected shoried amplifier s through gain measut eiments using the photon
transfer technique, and enabled us to measur ¢ their performance for unifor mity of 1esponse. All
columns of the CCD were clocked as itmaximum frarne rate (1.5 KHz), although the sampling
clectronics atthis time were not capable of this samipling rate, o1 capable Of 1cading 11"101C than
onc output at a time. Photon tran sfer is a toolused to char acter ize the signal and noisc properties
of a CCD [9]. It can also mcasure the lincarity of the CCD, its noise floor, and quanti zation gain
(in signal units per generated clectron). The photon transfer curve for anuncooled AD APT is
shownin paria of Figme “/. We caninfer a quantization gain o £ 0.68 pv/clectr on, from which
the noise floor is measured to be 19.4 electr ons nns. The group o f curves with the lower slope
represents those amplificr s which are shoried to each other thus decreasing theirnoise by the
squarcroot Of the number of contipuously shorted arnplifiers.

An X-ray histogram is alteanate method of determining quantization gain, the noise floon
plus information o f the charge transfer efficiency [9], [10], [11]. The CCDY is exposed to an X-1ay
source which in our case is conuner cially available Iron 55 (Fe55). It emits X-ray photons at fixed
cllCl~j'l cve.is, \ “Hicllfc JI the K, emission is1620 clectrons withan 1ms uncertainty of 4/-12.7
clections, the uncertainty due to the fano noise imitin the gencration elections inthe CCD [ 17].
The cot respondin g emission forthe Kg line 181778 electrons 4 /-13.3 elections. X-1ay photons
which fall entirely into a single pixel ave mca sured over a lange number of readout time 8. The
histogranm o f all micasur ements should show a peak at these endssion lines, Part b of Figure ¢
shows the X-1ay histogram for the same A1) AVT? device under similar operati ng conditions. the
1cad out noise is computed by the variance inthe ab sen ce of any signal,

Figme 6: "The spacad in gain for cach of thice ADAPT? CCD chips.
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'lfimlrc”iz ﬂ"lr)'l(ﬂlﬁ\l:7_'ﬂ't’fl"('f:f‘r curve for ADAPT2 CCD, b) X-ray histogram for the same chip.
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The corresponding X-ray histograni for an ADAPT CCD is shown in ]‘12',1'!(‘» 8. Part a)
shows the 1esponse at room temperatu €, and part b) is the result When co oledto -5 C.The K jand
K emissions prominently stand out. Its 1ead noisce, however, was measured to between 8 and 9.2
clectrons rms, 60-80% higher than expected from the design, We atty ibute this effect to diffusion
Of elections due to the ¢lose proximity Of the amplifier lines. The amplifiers are 10 pun apart
which is the 1/e (“ff}l Si(m.dlstan(vc f.(u this nmt.cria,l. [ 13 s afterL we con '{’]Cm our 1escarch
into 1educing the noise using the skipper amplifier, we expect our minimum to be 2.5 after
reads instead of 1.5, This effect will be eliminated inthe improved designto be discussed in the
next section,
Figme 8 X-ray histogiam of an ADAPT CCD andreadout in single 1cad mode: a) uncooled; b)
cooledto -5 C
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In tx.ymg to determune the optimum voltage waveforms for driving the CCD for minimum
1cad out noise, we observed an interesting effect due to the geometiic anangement of the read out
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amplifiers. In the process of detennining the noise of isolated amplifiers by only unloading
ncighboring amplifiers we observed that the noise In¢reased adjacent to the open amplifier. This
cffectis shown below inFigure 9. Note there is a commensurate decrease in the noise of shorted
amplifiers. The bump in the noisc figure for amplifier 16 is due to the presence of a bootstrap load
resistor place there for other experimental reasons. We have also found that the ADAPT2 device
canbe damaged by leaving any of its amplificrs openrelative to the others leaving a permanent
increase in the. amount of amplifier noise.

4.0 Design improvements

In addition to climinating the cross talk inducedby the gecometry of the amplifier lines, we
also intend to use an improved lower noise read out amplifier and we also intend to maximize the
quantwin efficiency of the chip by thinning and back side. illuiination, “1'0 increase the spacing,
between amplifiers we have considered, increasing, the. pixel size of the CCD, and retaining the
gcometiy of the amplifiers, and aso we have considered alternating, the placement of the
amplificrs between the top and bottom of the chip. “Jim ability to clock both ways was wiitteninto
the design poals and incorporated into our designs. A low noisc amplifier was designed and built
for the Cosmic Unresolved X-ray Background (CURIC) camera, a1024x 1024 dc.vice with 4
rcadout amplifiers [ 10], { 14]. Mcasuiements on the CUBIC CCD have. demonstiated single read
noise in a skipper amplifier of 2 elections rins. A X-ray histogiam using Ye55 is shown in
Figure 10. The is amplifier has lower noise performance over ours due to optintizations made by
using a lightly doped drain (1.DD), a supernotch channel, and size optimization of the FET to
lower its capacitance,

Figwe 9: Amplificr uniformity for the cooled Al DAY chip in single read mode.
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Figure 10: Fe55 histogram of a CUBIC CCD. Noise performance has been me

asured as ?
electrons rms. asured as 2
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1 .astly, the quantum efficiency can be optimized through the process of thinning and
backsidc illumination. Measurements of the cunient quantum e fliciency fall below our design
goals as shownin Figure 11. The top line snows the predicted increase through the combination
of thinning and applying an antireflection coating to the back side of the CCD. This upper curve
satisfies ourdesign goals.

Figure 11: Predicted enhancement Of the adaptive optics CCI using thinning, and backside
illumination, and application of anantireflection coating.
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5.0 Summary

We have designed and fabricated a high speed low noise detector 32 by 32 arr ay for
wavelront sensing and fast tracking. Ituses 32 parallel low speed skipper amplifiers to achieve
kilohertz frame rates. ‘The best measurementsmade on the device using a single read on the
skipper have demonstrated the petformance at 8 electrons rms. And although higher than our
design goal, its performance is sufficient to incorporate this chip into a Shack-Hartmann
wavefront sensor for the coming adaptive optics system for the 100 inch Hooker telescope atop
Mt. Wilson. Dark cursent is eliminated by cooling the device to -5 C, and the quantum  efficiency
is less than our goals due to the front side illumination architecture. We expect to reach our
ultimate performance goals through improving the design by increasing the distance between
amplific1 by alternating them on the top and bottoin of the chip, by using the lower noise CUBIC
skipper amplifiers, and through backside illumination by thinning the device and applying an
antireflection coating to the backside.

Weintend to continue ourinvestigations intoreducing noise on the present cic.vice by
multiple rcadout of the. skipper amplifier. Ffforts are aiso currently underway to design and
fabricate a set of driving electronics for the skipper CC]).
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